Background
Introduction
Epidemiological evidence supports a pathological link between emotional distress and cardiovascular morbidity and mortality. Research on cardiovascular patients has largely focused on depression, whereas the impact of anxiety on pathways linking subjective perception of stress to the regulation of cardiovascular homeostasis has been less well studied. In this respect, neuroendocrine markers expressed both in the brain and the vasculature are of particular interest, since they may affect emotional functioning or trigger mood disorders, in addition to their better-defined peripheral vasoactive effects. It has already been shown that elevated plasma levels of pro-atrial natriuretic peptide are associated with low anxiety, suggesting a negative feedback loop limiting psychological distress and its adverse autonomic consequences in patients with heart failure [1] . Whether the 21-amino acid neuropeptide ET-1 is also linked to anxiety states has not been investigated so far. However, two studies have reported a positive association between circulating ET-1 levels and depressive symptom severity in patients with coronary artery disease [2, 3] , indicating that this vasoactive peptide modulates brain functions [4] . In addition, it was shown that ET-1 decreases the high-affinity uptake of the excitatory amino acid glutamate in primary cultured astrocytes from rat cerebral cortex, suggesting a direct effect on membrane depolarisation [5] . This is of special interest as a growing body of evidence suggests that glutamatergic neurotransmission may be involved in the biological mechanisms underlying stress response, panic/anxiety and anxiety-related disorders [6, 7] . Recently, initial evidence has indicated that even sub-clinical anxiety is associated with altered glutamate metabolism [8] . Given these links between glutamatergic neurotransmission, stress response and ET-1, we wondered whether there is any evidence of an association between anxiety and the ET-1 signal pathway. In a sample of patients with cardiovascular risk factors, we therefore tested the possible relationship between plasma concentrations of the stable endothelin precursor fragment CT-proET-1 and anxiety.
Methods Subjects
Medical outpatients aged 50 to 85 years presenting with cardiovascular risk factors were recruited for the Diagnostic Trial on Prevalence and Clinical Course of Diastolic Dysfunction and Heart Failure (DIAST-CHF) study. The multicenter, population-based DIAST-CHF study was part of the nationwide German Competence Network Heart Failure, which was initiated in 2004 and financed by the German Ministry of Education and Research [9] [10] [11] . A network of primary care physicians referred study candidates for further cardiological and psychometric assessment when at least one risk factor for the development of diastolic dysfunction was detected at the screening visit. Inclusion criteria for participation in the study were physiciandiagnosed and/or medically treated hypertension, diabetes mellitus, coronary heart disease, sleep apnea syndrome and/or history of heart failure [9] [10] [11] . Patients were excluded from the study when unwilling to give informed consent and in the case of insufficient understanding of the German language and/or unavailability for logistic reasons. The study protocol was approved by the following local institutional ethics committees from the academic centers which participated in the study: medical faculties of the Universities of Berlin, Essen, Göt-tingen, Lübeck, Marburg, and Würzburg. The study complies with the Declaration of Helsinki, and all patients gave written informed consent before being included in the study.
Clinical procedures
After study enrolment, all patients received a routine physical examination and a detailed cardiological assessment. Blood pressure was measured using an automated auscultatory technique, and transthoracic echocardiography was performed by experienced physicians on a Hewlett-Packard Sonos 5500 (Hewlett-Packard, Andover, MA, USA). Standardized imaging planes in parasternal (long-and short-axis) and apical (2-and 4-chambers) views were used for quantifying cardiac chamber dimensions. All examinations included B-and M-mode with colour Doppler. The clinical severity of heart failure was rated according to the Framingham sum score [12] . The cardiologists, who performed the physical and echocardiographical examinations, were blind to the CT-proET-1 levels and the results of the psychometric testing.
Screening for anxiety and depression
Study participants were requested to complete the German version of the Hospital Anxiety and Depression Scale (HADS) as part of the psychological assessment. This self-assessment questionnaire originally developed for physically ill patients is widely used for screening purposes [13] [14] [15] . The instrument comprises 14 four-point Likert-scaled items, seven of which relate to anxiety symptoms (HADS-A) and seven to cognitive-affective features of depression (HADS-D). Each item is coded from 0 to 3 and hence subscale scores range from 0 to 21 with higher scores indicating more severe symptoms. In accordance with the literature, a cut-off level of 11 was used to distinguish anxious from non-anxious subjects [13] . The German version of the HADS has been validated extensively and shows good reliability and internal consistency with Cronbach's α of approximately 0.80 for each of the two subscales.
Biochemical parameters
From each subject, peripheral venous blood samples were drawn after 15 min of rest into tubes containing ethylenediaminetetra-acetic acid (EDTA). Blood samples were immediately stored on ice and centrifuged within 4 hours. After centrifugation, plasma aliquots were frozen at -80°C until further use. The plasma concentration of CT-proET-1 (amino acids 168-212 of pre-proET-1) was measured using an automated immunoluminometric assay on a Kryptor system (B.R.A.H.M.S AG, Henningsdorf, Germany). This immunoassay which is based on a sandwich technique has been shown to accurately quantify circulating CT-proET-1 levels without the need of preanalytical procedures such as prior extraction [16] . The analytical performance of CT-proET-1 was shown to be superior to ET-1, since a reliable measurement of ET-1 in blood samples is difficult due to its short plasma half-life (1-2 min) which results from the fast clearance attributable to receptor binding during pulmonary passage and cleavage by neutral endopeptidases [16] . Papassotiriou et al. reported that the CT-proET-1 assay allows precise measurement of the analyte with good assay linearity as assessed by serial dilution experiments [16] . The intra-assay and inter-assay coefficients of variability (CV) were less than 10% for all investigated samples, including health controls, and the analytical detection limit was 0.4 pmol/L [16] . High-sensitivity C-reactive protein was determined using a standard immunoturbidometric assay on Cobas INTEGRA (Roche Diagnostics) [17] . Circulating natriuretic peptides were analyzed using commercially available immunoluminometric kits: the pro-ANP microtiter immunoassay was purchased from Immundiagnostik (Freiburg, Germany), midregional pro-atrial natriuretic peptide (MR-proANP) was measured using the BRAHMS Seristra kit (Henningdorf, Germany), brain natriuretic peptide (BNP) was determined using the ADVIA Centaur BNP assay (Bayer Diagnostics, Munich, Germany), and amino-terminal probrain natriuretic peptide (NT-proBNP) was measured on a Cobas 8000 or Cobas e411 analyser (Roche Diagnostics, Mannheim, Germany) [1] .
Statistical analyses
Demographic and clinical data are presented as means and standard deviations or frequencies and percentages. Plasma CT-proET-1 concentrations are given as medians and interquartile ranges (IQR). Student's t or Fisher's exact test was used to compare the two groups of study participants with and without elevated HADS-A scores, while the Mann-Whitney U-test was used to compare distributions of the non-normally distributed CT-proET-1 concentrations between the two groups. Logistic regression models with an elevated HADS-A score as dependent variable and CT-proET-1 levels as independent variables were computed adjusted for all potential confounders which in bivariate analyses have proven to be significantly associated with clinically relevant anxiety. Regression analyses with CT-proET-1 concentrations were calculated with log10-transformed values. Given the association between depressive mood and comorbid anxiety, we additionally controlled for depressive symptoms by entering HADS-D scores as an independent variable. Data are presented as multivariate odds ratios (exp(β)-coefficients) and their 95%-confidence intervals (95%-CI). In order to test whether the presumed association between CT-proET-1 and anxiety depends on antihypertensive drug treatment, we specified separate simple moderation models using the SPSS macro PROCESS v2.10 by Hayes [18] . Using ordinary least square (OLS) regression, different classes of antihypertensive drugs were probed for interaction by means of the 95% percentile-based confidence interval. Similar moderation models were computed for circulating neuropeptides and CRP using HADS anxiety as outcome measure. In order to keep the results comparable with those of the regression analyses mentioned above, the covariates entered into the moderation models were kept the same as in the main analyses. All moderation analyses used continuous anxiety scores instead of a dichotomous classification as the to-be-predicted outcome. In all analyses, a p value <0.05 was used to indicate statistical significance. Data were analysed on a personal computer with SPSS 22 for Windows (SPSS Inc., Chicago, IL, USA).
Results

Characterization of the study population
A total of 1,410 study participants with available plasma CT-proET-1 levels and HADS scores were included in this analysis. The mean age of the study population was 66.1±8.2 years. Due to the inclusion criteria and study design, the percentage of patients with hypertension (80.7%), hyperlipoproteinemia (40.9%), diabetes mellitus (24.4%), hyperuricemia (14.9%) and current smoking status (29.8%) among the study population was comparably high. The mean HADS-A anxiety score was 5.0±3.6, while the median of the CT-proET-1 concentration was 55.5 pmol/l with an IQR from 47.6 to 65.1 pmol/l. Differences between the groups of anxious versus non-anxious participants As expected, anxious patients differed from non-anxious study participants in that they were more likely to be female (64.4% versus 49.5%, p = 0.003) and of younger age (62.6±7.4 versus 66.4±8.2 years, p<0.001, Table 1 ). The Framingham sum score was significantly higher in anxious patients as compared to non-anxious subjects (1.15±1.27 versus 0.71±1.12, p<0.001), while their mean systolic blood pressure was lower (142.2±19.5 mmHg versus 147.6±21.2 mmHg, p = 0.008). The mean left-ventricular end-diastolic diameter (LVEDD, 48.3±5.0 mm versus 49.5±6.3mm, p = 0.018) and left-atrial diameter (LA, 40.1±6.0 mm versus 41.5±6.3 mm, p = 0.026) were both significantly lower in anxious subjects than in the non-anxious group. However, the two groups did not significantly differ with respect to the prevalence of cardiovascular risk factors, such as hypertension, diabetes mellitus, hyperuricemia, smoking status and sleep apnea (Table 1) . Likewise, there was no significant difference in body-mass index, heart rate, history of myocardial infarction, atrial fibrillation and 6-min walking distance between the groups of anxious versus non-anxious participants.
Association of plasma CT-proET-1 levels with anxiety
In univariate analysis, we found that the group of non-anxious participants had a significantly higher median CT-proET-1 level (55.6 pmol/l, IQR = 47.9-65.2) as compared to anxious subjects (52.6 pmol/l, IQR = 44.2-62.7, r = 0.066, p = 0.013). Based on this observation, we computed a set of multivariate logistic regression models with clinically elevated HADS-A scores as the dependent variable adjusted for all potential confounders which in univariate analyses had proven to be significantly different between the two groups of anxious and non-anxious subjects. When adjusted for sex, age, BMI, systolic blood pressure, LA and LVED diameter, and Framingham sum score, we found that plasma CT-proET-1 was again significantly and independently associated with lower anxiety (exp(β) = 0.25, 95%-CI = 0.07-0.91, p = 0.036, Table 2 ).
Given the established relationship between depression and comorbid anxiety, we finally tested whether plasma CT-proET-1 concentration may still predict anxiety when additionally controlling for HADS depression. As demonstrated in Table 2 (model 3), the inclusion of HADS-D in this model did not change the significant association between CT-proET-1 and anxiety (exp(β) = 0.11, 95%-CI = 0.02-0.57, p = 0.008). While the corrected R 2 of this final model increased as expected, CT-proET-1 remained a significant predictor of clinically relevant anxiety, independent of comorbid depression as measured by the HADS-D depression score. In addition, we confirmed that CT-proET-1 is positively associated with depression severity when adjusted for sex and age (β = 2.0, 95%-CI = 0.5-3.4, p = 0.007), however, this significance is lost as long as the Framingham sum score is included in these models (data not shown).
Control analyses: Antihypertensive treatment and circulating natriuretic peptides as possible moderators
In order to rule out the possibility that the observed magnitude of the relationship between anxiety and CT-proET-1 changes depending upon medication or circulating natriuretic peptides as potential moderators, we probed the respective moderation effects. Analyses showed that neither global (antihypertensive medications: b = -0.71, 95%-CI = -3.20-1.78, p = 0.575 and number of blood pressure-lowering drugs, b = -0.24, 95%-CI = -0.9-0.45, p = 0.487) nor more specific antihypertensive medications (beta blockers, p = 0.838, diuretics, p = 0.293, or angiotensin-converting enzyme/angiotensin-receptor blockers, p = 0.575) moderated the association between CT-proET1 and anxiety. Because CT-proET-1 was significantly correlated with BNP (r = 0.29), NT-proBNP (r = 0.37), NT-proANP (r = 0.34), MR-proANP (r = 0.45), and CRP (r = 0.20, in all bivariate analyses p<0.001), we next computed a set of regression models by entering each of these parameters as modulators. While CT-proET-1 remained a significant and independent predictor of anxiety in all these models, none of the neurohormones or the inflammation marker CRP, including their interaction terms with CT-proET-1, reached significance (Table 3) . Thus, our data support the conclusion that plasma CT-proET-1 levels predict anxiety independent of natriuretic peptides or CRP.
Discussion
Previous studies have demonstrated that, in patients with coronary artery disease, the severity of depressive symptoms predicts elevated ET-1 [2, 3] , therefore, the purpose of the present reanalysis of DIAST-CHF data was to elucidate whether the circulating precursor CT-proET-1 is linked to anxiety, independent of depression. In particular, we aimed to clarify a putative anxiolytic effect due to ET-1, or its precursor molecules or proteolytic fragments, in humans and to decipher its mechanistic pathways. Our main finding is that, in contrast to their reported positive association with depression, plasma CT-proET-1 concentrations are negatively linked to anxiety in a sample of medical outpatients with cardiovascular risk factors for diastolic dysfunction or overt heart failure and that this association is independent of coexisting depressive symptoms. Endothelin-1, the most abundant isoform of a family of three isopeptides, is expressed in a variety of tissues including the brain [19] . The endothelin-1 gene encodes the 203 amino-acid precursor prepro-endothelin which is further cleaved by the enzyme furin convertase to a 38 amino-acid peptide, called big-ET-1 [20] . Mature ET-1 is then generated by the action of endothelin-converting enzymes to produce the active 21-amino acid peptide. The physiological effects of ET-1 are transduced by two pharmacologically distinguishable receptor subtypes, the ET A and ET B receptor. While the ET A receptor located mainly on vascular smooth muscle cells mediates potent vasoconstriction, stimulation of the endothelial ET B receptor results in the release of nitric oxide (NO) and prostacyclin which both cause vasodilatation [21] . Apart from its direct vasomotor effects, sub-nanomolar concentrations of ET-1 have been demonstrated to activate macrophages via NF-kappaB and induce the synthesis of pro-inflammatory cytokines in vascular smooth muscle cells, such as tumor necrosis factor-α (TNFα), interleukin-1 (IL-1) Table 2 . Results from logistic regression models with clinically relevant anxiety as dependent variable adjusted for the confounders indicated. In models 2 and 3, CT-proET-1 was included as an independent variable and in model 3, HADS-D was additionally entered as a covariate. and IL-6 [22, 23] . Furthermore, stimulation of these cells with TNFα and interferon-γ markedly elevated the expression of mRNA for prepro-ET-1 and the release of ET-1 [24] . Recently, one study demonstrated that bosentan, a mixed endothelin receptor antagonist, induced an antidepressant-like activity in mice with increase in circulating IL-6 levels, while anxiogenic effects were not detected, as judged from the results of an elevated plus maze test [4] . Loria and co-workers showed that maternal separation as an early life stressor reduced the expression of ET A and ET B receptors in mice and exaggerated acute stress-mediated pressor response in adulthood [25] . Endepols and colleagues stereotactically injected the vasoconstrictor ET-1 close to the anterior cerebral artery in rats which resulted in bilateral ischemic infarction [26] . One month after ET-1 injection, the treated rats showed increased exploratory activity and restlessness in addition to decreased food carrying behavior and walking speed in a foraging situation, which may be explained by decreased anxiety. In contrast, Zhang et al. reported that transgenic mice over-expressing ET-1 in endothelial cells showed increased anxiety after transient occlusion of the middle cerebral artery with 7 days reperfusion [27] . However, conclusions drawn from animal studies inducing severe brain damage due to local ET-1 injection are not applicable to healthy humans. Since both increased CRP concentrations and elevated ET-1 levels have been reported to predict major adverse cardiovascular events and poorer prognosis in patients with underlying arteriosclerotic diseases [28, 29] , we searched for a possible moderation of the inflammation marker CRP on the interaction between plasma CT-proET-1 and anxiety but failed to show such an indirect effect. Similarly adjusted moderation models for natriuretic peptides also did not contribute to our understanding of the complex pathophysiology of the newly discovered link between ET-1 and anxiety. Furthermore, we found no indication that antihypertensive medication plays a role in this pathway. Thus, we cannot exclude that ET-1, or some of its precursors or biologically active, proteolytic fragments, confers direct anxiolytic effects on the brain without affecting inflammatory and/or vasoactive responses.
Several limitations concerning our main finding of a negative association between CTproET-1 and anxiety need to be addressed. Our data are based on a cross-sectional analysis which lacks repeated laboratory measurements of ET1 precursor levels over time and, thus, preclude analysis of time-dependent covariates in a longitudinal study design or the establishment of a cause-effect relationship. The small effect size critically limits the clinical and diagnostic implications of our finding, and the results from our study should be interpreted with caution, unless cohort effects are empirically ruled out. In particular, the fact that the two groups of anxious and non-anxious study participants are unbalanced must be acknowledged. Nevertheless, our investigation also has some strength which includes mainly a large and heterogeneous study population with well-defined, complete clinical and echocardiographic data. In addition, we used a commercially available immunoassay with a high diagnostic accuracy and a well-validated psychometric screening instrument. However, the results from this study justify replication in independent patient samples and longitudinal follow-up studies.
In conclusion, our study provides preliminary evidence that clinically relevant anxiety is linked to low plasma levels of CT-proET-1 and that this association is independent of comorbid depression. Moreover, we found that in our study cohort anxiety and depression have opposite associations with circulating endothelin levels, suggesting a rather complex impact of this neuropeptide on emotional and behavioral brain functions. Further research is necessary to confirm and clarify these relationships.
